Minor losses around the thermoacoustic parallel stack in the oscillatory flow conditions are among the main factors that influence the efficiency of thermoacoustic systems. In this paper, a two-dimension model of a thermoacoustic parallel stack in a thermoacoustic system driven by double loudspeakers is setup. The characteristics of the vortex structure at the end of the parallel stack under different pressure amplitude are analyzed. Meanwhile based on the principle of the two-microphone method and the above simulation result, the minor loss coefficient of oscillatory flow through a sudden area change is analyzed. The result shows that the vortex structures get larger with the increase of pressure amplitude. Furthermore, the real part of the minor loss coefficient exponentially increases with the ratio of hydraulic radius and displacement amplitude of the oscillatory flow. A close agreement between simulation and experimental result is found, thus providing support for the validly of the model.
Introduction
Thermoacoustic devices can achieve conversion between thermal and acoustic energy based on the thermoacoustic effect whereby appropriately phased pressure and velocity oscillations enable the compressible fluid to undergo a thermodynamic cycle in the vicinity of a solid body. This kind of devices gets attractive because of its lack of moving parts and construction simplicity. However, the complicated behavior in the thermoacoustic engine involves oscillating flow, heat transfer and thermodynamic processes. Conventional thermoacoustic theory which based on first-order linear theoretical model has its limitations on the nonlinear thermoacoustic effects and phenomenon such as acoustic streaming, vortex shedding and local pressure losses caused by the abrupt change of the cross section. Therefore, the numerical simulation of mathematical equations becomes an important means to solve these problems. P. Blanc-Benon et al. (2003) used finite difference method to get temperature curve of regenerator cold end in the thermoacoustic refrigerator. L Zoontjens et al (2008) built model on thermoacoustic couples of non-zero thickness and investigated the effect of increased drive-ratio and plate thickness upon the time-average heat transfer through the stack material. Results indicate that the plate thickness strongly controls the generation of vortices outside the stack region, perturbing the flow structure and heat flux distribution at the extremities of the plate. An increase in plate thickness can improve the spatial integral of the total heat transfer rate but at the expense of increased entropy generation. Artur J. Jaworski (2010) developed a two-dimensional computational model with low Mach number to analyze the time-averaged temperature field and heat transfer rates in a representative domain of heat exchangers. The experimental and numerical results in terms of temperature and heat transfer distributions were compared. The analyses suggest that the optimal performance of heat exchangers can be achieved when the gas displacement amplitude is close to the length of hot and cold heat exchanger.
The simulation studies mentioned above are helpful for the optimization of stack parameter. It is well known that the porosity of stack, heat exchanger or resonator is usually different and then a minor loss caused through a sudden cross-sectional area change appears. Due to the special mechanism of oscillatory flow conditions, the area change will cause a partial loss of the sound pressure amplitude and also change the phase of the sound pressure compared with the steady flow. The widely used one-dimensional simulation software-DeltaE (1994) calculates this kind of loss refer to the data of steady flow cases. However, study of calculated the minor losses around thermoacoustic parallel stack in oscillatory flow conditions using simulation is limited. At the same time, the experimental data of the minor loss is rare. Therefore, in this paper, the approximate equation of the minor losses around thermoacoustic parallel stack in oscillatory flow conditions was derived from theory. The vortex structures at the end of parallel stack under different pressure were observed and compared. CFD simulated results of different pressure conditions were substituted in the equation to get the minor loss coefficient and fitting curve. This study refers to the experimental thermoacoustic system driven by double loudspeakers as shown in Fig.1 . It consists of two loudspeakers, two resonators and a regenerator (2012). The loudspeakers with back volumes are located at both sides of the resonator. The dual channel function/arbitrary waveform generator outputs the sine signal with fixed phase difference and frequency to drive two loudspeakers. The resonator is composed of three parts. Both ends are 28x28mm rectangular stainless steel tube with length of 400mm. The parallel stack is installed along the axial direction. The thickness of stainless steel stack and the spacing between parallel plates is 1 mm, respectively. The operating gas is atmospheric air under 25 . The pressure changes in the regenerator cannot be measured due to without enough space to put the pressure sensors. Therefore, the corresponding numerical model for sound pressure and velocity fields was set up. The simulation area is shown in Fig.2 as well as the initialboundary value conditions. The simulation domain is 80mm long, 4mm high, 410 mm far away from the left-hand side. The mesh contains about 60619 nodes. Triangular grids are adopted at the ends of stack in order to increase the cell density towards the hydro-dynamically relevant stack areas. The rest zone is structured body fitted grids for their high quality and inclination to convergence in the computing process. A mesh boundary layer is also imposed near the tube walls so that the local mesh density can be increased sufficiently to solve the boundary layer without substantially increasing the total number of nodes.
Model Features

Physical model
Numeric model
Mass, momentum, energy equations and the state equations for ideal gas solved in this study are:
where E and h are internal energy and enthalpy, respectively; , , , v p are density, velocity, pressure and stress tensor. R=287J/K kg is gas constant.
All the walls in the model are assumed to be zero thickness with adiabatic and nonslip boundary conditions. Zero velocity and temperature of 300K are initially assigned to the whole flow field. And both ends of domain are input pressure disturbance as experiment. The specific formulas are as follows:
'WALL' boundaries:
'SYM' boundaries:
Pressure disturbance on both ends:
with u and v the components of velocity in the x and y directions, =2 ) f the angular frequency, m p the mean pressure amplitude and A P the peak amplitude of disturbance pressure.
Results and discussion
Simulated pressure field comparison with experiments
Simulated pressure along the stack can be calculated according to above model. Experimental pressure field along the thermoacoustic system can be reconstructed using the two-microphone method (1986). Fig.3 shows the deviation between the simulation values and experimental results. The error of acoustic pressure amplitude between simulations and experiments is no more than 0.23%. The biggest difference in pressure phase is no more than 0.2°. The reliability of the model was verified. 
Vortex structure under varying pressure
Typically, in the high-intensity acoustic field, the flow structures at the end of the stack are very complex due to the discontinuities of the cross section and the oscillatory nature of the flow. The main difference with the steady flow is that vortices shed in one half of the cycle impinge on the solid body when the flow reverses and may interact with vortices shed during the other half of the cycle. Fig.4 (a) illustrates the timing of 20 phases within the cycle, relative to both velocity and the pressure gradient oscillations. Fig.4 (b) gives the ratio St/Re of the selected working conditions. Fig.5 compares the vortex structures under different pressure amplitude. It can be seen that the vortex size gets larger with the increase of pressure amplitude. In detail, the vertical dimensions of the vortices under forth working condition are larger than the one under the third working condition, and the horizontal dimensions of the vortices are roughly two times larger. According the Aben's study (2009), the ratio St/Re is determinative for the category of vortex patterns occurring at the end of a plate. At high Reynolds numbers the flow is more inclined towards a vortex street than to two or four vortices and at low Strouhal numbers the vortex to be more elongated. And the result is in good agreement of Aben's conclusion. 
Minor Losses around the Stack
As shown in part3.2, the presence of the variable cross-section will produce vortex in the process of sound waves transmittance. What's more, it will induce higher harmonic and other non-linear effects. Then the energy will be dissipated by viscosity. Refer to the definition of local drag coefficient in the steady state flow, the local minor loss coefficient of fundamental frequency fluctuations can be defined as follows:
where P(t) is the local pressure difference around the end of stack, u is the velocity. Assuming that the minor loss concentrates on the change area, i.e., the transfer equation of acoustic wave is applicable on both ends of variable cross-section. And the pressure change caused by minor losses is on the end of stack. Take the molecular and the denominator of equation (9) to time series expansion and get the first order quantity: It can be seen the real part of minor loss coefficient exponentially increase with the ratio of hydraulic radius and displacement amplitude of oscillatory flow. And the data fitting formula is: 
Conclusion
In this paper, a two-dimension model of thermoacoustic parallel stack in a thermoacoustic system driven by double loudspeaker is setup which is used to study the vortex structure at the end of parallel stack and the minor losses around stack in the oscillatory flow conditions. The results of simulation show that the vortex structures get larger with the increase of pressure amplitude. And the real part of minor loss coefficient exponentially increase with the ratio of hydraulic radius and displacement amplitude of oscillatory flow. In future research, more studies will be required for the influence, such as the frequency and the thickness of stack, on the minor losses.
